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Weak charged and neutral current induced one pion production off the nucleon
M. Rafi Alam,1 M. Sajjad Athar,1 S. Chauhan∗,1 and S. K. Singh1
1Department of Physics, Aligarh Muslim University, Aligarh - 202 002, India
We present a study of neutrino/antineutrino induced charged and neutral current single pion pro-
duction off the nucleon. For this, we have considered P33(1232) resonance, non-resonant background
terms, other higher resonances like P11(1440), S11(1535), D13(1520), S11(1650) and P13(1720). For
the non-resonant background terms a microscopic approach based on SU(2) non-linear sigma model
has been used. The vector form factors for the resonances are obtained by using the relationship
between the electromagnetic resonance form factors and helicity amplitudes provided by MAID.
Axial coupling CA5 (0) in the case of P33(1232) resonance is obtained by fitting the ANL and BNL
ν-deuteron reanalyzed scattering data. The results are presented with and without deuteron effect
for the total scattering cross sections for all possible channels viz. νl(ν¯l) + N → l
−(l+) + N ′ + pii;
νl(ν¯l) + N → νl(ν¯l) + N
′ + pii, where N,N ′ = p, n, pii = pi± or pi0 and l = e, µ.
PACS numbers: 13.15.+g,12.15.-y,12.39.Fe
I. INTRODUCTION
A precise knowledge of (anti)neutrino-nucleus cross sections is an important input in minimizing the systematic
errors in the analysis of (anti)neutrino oscillation experiments. Most of these experiments are presently being done in
the (anti)neutrino energy region of a few GeV. In this energy region of accelerator experiments like MiniBooNE [1–
4], T2K [5, 6], NOνA [7], MicroBooNE [8], ArgoNeuT [9, 10], LBNO [11], MINOS [12], DUNE [13], etc. major
contribution to the neutrino-nucleus cross section comes from the quasielastic process and the inelastic process of
single pion production(SPP). The basic reaction mechanism for quasielastic process is widely studied in the Standard
Model and there exist many calculations of nuclear medium effects(NME) using various nuclear models which have
been summarized recently in several review articles [14–18]. In the case of single pion production processes from
nuclear target, nuclear medium effects play an important role in the production process. In addition to this, the
produced pion, being a hadron interacts with the residual nucleus. These pions may get absorbed in the nucleus or
may change their charge state through charge exchange pion nucleon scattering processes like π− + p → π0 + n,
π0 + p → π+ + n, etc. Therefore, the final state interaction(FSI) effect of the pion with the nucleus has also
to be taken into account. Moreover, presently there is lack of consensus on theoretical modeling of basic reaction
mechanism of (anti)neutrino induced single pion production from free nucleons.
At neutrino energies of ∼ 1 GeV, the single pion production channels make a significant contribution to the cross
section for charged lepton production and are important processes to be considered in the analysis of oscillation
experiments which select charged current inclusive events as signal. In experiments which select the quasielastic
production of charged leptons as signals for the analysis of oscillation experiments, single pion production channel
gives rise to background contribution. For example, neutral current induced neutral pion production is a background to
νe−appearance oscillation experiments while charged current events producing charged pions contribute to background
in νµ−disappearance experiments. It is, therefore, very important to theoretically understand and model the single
pion production processes on nuclear targets like 12C, 16O, 40Ar, 56Fe, 208Pb, which are being used in the present
experiments.
The present attempts to explain the experimental data on weak pion production in neutrino/antineutrino reactions
from nucleons bound inside the nucleus like the experiments performed at MiniBooNE [1–4], SciBooNE[4], K2K[19–22]
and more recently from MINERνA collaboration[23–27] have highlighted the inadequacy of our present understanding
of nuclear medium and final state interaction effects. The experimental results of single pion production and their
comparison with the various theoretical calculations have also necessitated the need to re-examine the basic reaction
mechanism for the production of single pion from free nucleon target.
The various possible reactions which may contribute to the single pion production either through charged current
or neutral current neutrino/antineutrino induced reaction on a nucleon target are the following:
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2Charged current(CC) induced processes:
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l
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and neutral current(NC) induced processes:
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l
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l
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l
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l
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l
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l
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l
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l
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l
n→ ν¯
l
pπ−. (2)
The existing experimental data on single pion production process from (almost)free nucleons are available only from
the old bubble chamber experiments performed at ANL [28] and BNL [29] from deuteron/hydrogen targets. These
data on νµp→ µ−pπ+ differ with each other by about 30−40% which has been attributed in the past to different flux
normalization in these experiments. These data, when used to fix various parameters of theoretical models of reaction
mechanisms for single pion production, give rise to considerable uncertainties in the determination of these parameters,
which in turn lead to higher uncertainties in predicting the single pion production cross section from nuclear targets.
Recently reanalysis of the old bubble chamber data by the two independent groups have tried to arrive at a consistent
set of data from ANL [28] and BNL [29] experiments either by minimizing the neutrino flux uncertainties [30, 31] or
by reconstructing the data using the cross section ratio for single pion production to the quasielastic processes, and
observed quasielastic cross sections [32]. It is hoped that the use of reanalyzed/reconstructed data on free nucleon
targets will help towards a better understanding of pion production reaction mechanism. Furthermore, using these
data a better determination of various parameters to be used in the theoretical calculations may also be possible.
Theoretically, the weak single pion production has been studied for almost 50 years. The early calculations were
based on dynamical models using dispersion theory or quark models or an effective Lagrangian field theory [33–38]
and a comprehensive summary has been given by C. H. Llewellyn Smith [39]. Since then calculations have been made
either by using quark models [40–45] or dynamical models [46–48], but most of the recent calculations have been done
using effective Lagrangian field theory [49–54], where the calculations are performed using a ∆(1232) dominance model
to successfully explain the experimental data on νµp→ µ−pπ+ channel by fitting the N −∆ transition form factors.
These form factors are found to be consistent with the predictions of the hypothesis of conserved vector current(CVC)
and partial conservation of axial vector current(PCAC). However, these analyses have large uncertainties mainly due
to the incompatibility of single pion production data in this channel from ANL [28] and BNL [29] experiments which
also reflect into the determination of N − ∆ transition form factors. These uncertainties are further enhanced as
systematic errors due to nuclear medium and FSI effects, which also come into play, when applied to explain the data
from nuclear targets like 12C, 16O and other heavier nuclear targets.
The recent tension between the experimental results on pion production from 12C nuclear target in the Mini-
BooNE [1–4] and MINERνA [23–27] experiments have also highlighted the inadequacy of our present theoretical
understanding of single pion production processes from nuclear targets. One of the main concerns in the theoretical
modeling of basic reaction mechanism for SPP is the role of non-resonant background terms and the contribution of
higher resonances beyond the ∆(1232) dominance model.
The role of non-resonant background terms was also emphasized in earlier analyses of experimental data from
ANL [28] and BNL [29] experiments. It was concluded that there might be a sizable contribution from the non-
resonant background terms coming specially in neutrino-neutron channels like νµn→ µ−pπ0 and νµn→ µ−nπ+, even
though they may be small in νµp → µ−pπ+ channel. Indeed a theoretical calculation by Fogli and Nardulli[55, 56]
in an effective Lagrangian field theoretical model has shown that the inclusion of pion pole, nucleon pole, and other
I = 12 resonance contribution leads to a better explanation of ANL [28], BNL [29] and CERN [57–59] data.
In recent times, the need for inclusion of non-resonant and resonant (I = 12 channel) background terms to the
dominant ∆(1232) contributions to explain the neutrino induced single pion production has been emphasized by
many authors[53, 60–63] and numerical calculations have been performed to explain the present data. These calcula-
tions have been done either phenomenologically [61–63] or in an effective Lagrangian field theoretical model[53, 60].
However, there is no consensus on the treatment of background terms whether they should be added coherently or
incoherently to the dominant ∆(1232) contribution. It is also of crucial importance to understand the background
contribution, to determine the N − ∆ transition form factors in νµp → µ−pπ+ and ν¯µn → µ+nπ− channels which
are dominated by ∆(1232)- excitation and its subsequent decay to pions and to interpret present and future data in
(anti)neutrino-nucleon channels like νµn → µ−pπ0, νµn → µ−nπ+, ν¯µp → µ+nπ0 and ν¯µp → µ+pπ−. A theoretical
3understanding of presently reported data [32] from reanalysis/reconstruction of ANL [28] and BNL [29] data set in a
chiral invariant effective Lagrangian field theoretical model using ∆(1232) dominance and non-resonant background
terms will be highly useful for the purpose of determining various parameters like N−∆ transition form factors, needed
to describe the basic reaction mechanism of single pion production and its application to study nuclear medium and
FSI effects.
In this paper, we have presented the results for the total scattering cross sections for pion production from nucleons.
The effect of using deuteron target also have been taken into account in a simple model. We have studied single pion
production from free nucleons in a model which goes beyond the ∆(1232) dominance model and include the non-
resonant contribution from pion pole, nucleon pole and contact terms calculated in a chiral invariant field theoretical
model. The contributions of I = 12 resonances like P11(1440), D13(1520), S11(1535), S11(1650) and P13(1720) in
second resonance region are also taken into account using a phenomenological Lagrangian. The role of interference
between non-resonant and ∆(1232) dominant terms is studied. The results are compared with the reconstructed data
of ANL and BNL experiments reanalyzed by Wilkinson et al. [32] on νµp→ µ−pπ+ channel to fix the N-∆ transition
form factors and have been applied to study all the pion production channels from proton and neutron targets which
are induced by charged and neutral weak currents with neutrino and antineutrino beams. We have also performed
calculations using different cuts on center of mass energy i.e. (W < 1.4GeV and 1.6GeV ) and compared our results
with the available results of ANL [28] and BNL [29] experiments. For the charged current antineutrino induced
ν¯µn→ µ+nπ− and ν¯µp→ µ+pπ− processes, we have compared our results with the available results of Bolognese et
al. [64]. For neutral current neutrino induced process ν
l
n → ν
l
pπ−, we have compared the present results with the
results of Derrick et al. [65].
In section-II, we present the formalism in brief and discuss the non-resonant background mechanism in section-IIA
for charged as well as neutral current induced processes. While the resonant mechanism are separately discussed
in section-II B for charged and in section-II C for neutral current pion production processes. The results and their
discussions are presented in section-III. Finally, we conclude the findings in section-IV.
II. FORMALISM
The differential scattering cross section for the processes mentioned in Eqs. 1 and 2, may be written as
dσ =
1
4
√
(k · p)2 −m2νM2(2π)5
d~k′
(2El)
d~p ′
(2E′p)
d~kpi
(2Epi)
δ4(k + p− k′ − p′ − kpi)Σ¯Σ|M|2, (3)
where k(k′) is the four momentum of the incoming(outgoing) lepton having energy E(E′) while p(p′) is the four
momentum of the incoming(outgoing) nucleon and the pion momentum is kpi having energy Epi. mν is the neutrino
mass and M is the nucleon mass. Σ¯Σ|M|2 is the square of the transition amplitude averaged(summed) over the spins
of the initial(final) state and may be written as
M = GF√
2
j(L)µ j
µ (H), (4)
where j
(L)
µ and jµ (H) are the leptonic and hadronic currents, respectively and GF is the Fermi coupling
constant(=1.166× 10−5GeV −2). The weak leptonic current has V −A structure and is written as
j(L)µ = u¯(k
′)γµ(1± γ5)u(k), (5)
where negative sign is for neutrino and positive sign stands for antineutrino induced processes. jµ (H) describes
the hadronic matrix element for W i + N → N ′ + π interaction and obtained using an effective Lagrangian for
W i+N → N ′+π interaction for charged(W i ≡W± ; i = ±) and neutral current(W i ≡ Z0 ; i = 0) induced processes.
In this work, we extend our earlier calculations [49, 50, 66] which were performed in ∆(1232) dominance model
by incorporating non-resonant background terms as well as higher resonant terms. The non-resonant background
terms involve nucleon and pion poles and contact terms calculated using a chiral symmetric Lagrangian for describing
their interactions which is obtained in a non-linear sigma model. The contribution of higher resonances lying in the
second resonance region beyond the ∆(1232) resonance are also included as they may be important in the weak pion
production induced by (anti)neutrinos of energy Eν(ν¯) < 2.0GeV . In the following sections, we describe briefly the
hadronic matrix element for non-resonant background terms, ∆(1232) resonance and higher resonances.
The Feynman diagrams which may contribute to the matrix element of the hadronic current are shown in Fig. 1. The
non-resonant background terms include five diagrams viz, direct(NP) and cross nucleon pole(CP), contact term(CT),
4pion pole(PP) and pion in flight(PF) terms. For ∆(1232) resonance we have included both direct(s-channel) and
cross(u-channel) diagrams. Apart from ∆(1232) resonance, we have also taken contributions from P11(1440), S11(1535)
and S11(1650) spin half resonances and D13(1520) and P13(1720) spin three-half resonances and considered both s-
channel and u-channel contributions.
In the following sections, we present the formalism in brief which has been used for the non-resonant background
terms and the resonant spin half and spin three-half contributions to the one pion production processes.
A. Non-resonant background contribution
The contribution from the non-resonant background terms in the case of charged(W i ≡ W± ; i = ±) and
neutral(W i ≡ Z0 ; i = 0) current reaction W iN → N ′π may be obtained using non-linear sigma model based
on the works of Hernandez et al. [53]. In lowest order, the contributions to the hadronic current are written in a
model independent way as
jµ
∣∣
NP
= a ANP u¯(~p ′)/kpiγ5 /p+ q/+M
(p+ q)2 −M2 + iǫ [V
µ
N (q) −AµN (q)]u(~p ),
jµ
∣∣
CP
= a ACP u¯(~p ′) [V µN (q)−AµN (q)]
/p′ − q/+M
(p′ − q)2 −M2 + iǫ/kpiγ5u(~p ),
jµ
∣∣
CT
= a ACT u¯(~p ′)γµ (gAfVCT (Q2)γ5 − fρ ((q − kpi)2))u(~p ),
jµ
∣∣
PP
= a APP fρ
(
(q − kpi)2
) qµ
m2pi +Q
2
u¯(~p ′) q/ u(~p ),
jµ
∣∣
PF
= a APF fPF (Q2) (2kpi − q)
µ
(kpi − q)2 −m2pi
2Mu¯(~p ′)γ5u(~p ), (6)
with a = cos θC for charged current process and a = 1 for neutral current process. q is the four momentum
transfer(=k − k′), q2(= −Q2) ≤ 0 and kpi is the pion momentum. M is the mass of nucleon and mpi is the mass of
pion. The constant factor Ai, i = NP,CP,CT, PP and PF , and are tabulated in Table–I.
The vector(V µN(q)) and axial vector(A
µ
N(q)) currents for nucleon pole diagrams in the case of charged and neutral
current interactions are calculated neglecting second class currents and are given by,
V µN (q) = f˜1(Q
2)γµ + f˜2(Q
2)iσµν
qν
2M
(7)
AµN (q) =
(
f˜A(Q
2)γµ + f˜P (Q
2)
qµ
M
)
γ5, (8)
where f˜1,2(Q
2) and f˜A,P (Q
2) are the vector and axial vector form factors for nucleons. In the case of charged current
process, the form factors f˜1,2(Q
2) are expressed in terms of isovector(fV1,2(Q
2)) form factors as:
f˜1,2(Q
2) −→ fV1,2(Q2) = fp1,2(Q2)− fn1,2(Q2), (9)
where fp,ni (Q
2); i = 1, 2 are the Dirac(i = 1) and Pauli(i = 2) form factors of nucleons. These form factors are
in turn expressed in terms of the experimentally determined Sach’s electric Gp,nE (Q
2) and magnetic Gp,nM (Q
2) form
factors [67]. While in the case of neutral current process, the form factors are expressed as:
f˜1,2(Q
2)
for p−→ f˜p1,2(Q2) =
(
1
2
− 2 sin2 θW
)
fp1,2(Q
2)− 1
2
fn1,2(Q
2)
f˜1,2(Q
2)
for n−→ f˜n1,2(Q2) =
(
1
2
− 2 sin2 θW
)
fn1,2(Q
2)− 1
2
fp1,2(Q
2). (10)
where θW is the Weinberg angle. On the other hand, the axial form factor(f˜A(Q
2)) is generally taken to be of dipole
form and is given by
f˜A(Q
2) = fA(Q
2) = fA(0)
[
1 +
Q2
M2A
]−2
, (11)
5for charged current and by
f˜A(Q
2) = f˜p,nA (0)
[
1 +
Q2
M2A
]−2
, (12)
for neutral current. Here fA(0) is the axial charge and is obtained from the quasielastic neutrino and antineutrino
scattering as well as from the pion electro-production data. We have used fA(0)=–1.267 and the axial dipole mass
MA=1.026GeV, which is the world average value [68], in the numerical calculations. For the neutral current induced
reaction, f˜p,nA (Q
2) = ± 12fA(Q2), where the plus(minus) sign stands for proton(neutron) target.
The next contribution from the axial part comes from the pseudoscalar form factor f˜P (Q
2)(= fP (Q
2)), the deter-
mination of which is based on PCAC and pion pole dominance and is related to fA(Q
2) through the relation
fP (Q
2) =
2M2 fA(Q
2)
m2pi +Q
2
. (13)
The contribution of this form being proportional to lepton mass vanishes for the neutral current processes. The
hadronic current for NC processes have the contribution only from nucleon pole terms(s and u channels), while CC
processes have contribution from all the diagrams viz. NP, CP, CT, PP and PF terms.
In order to conserve vector current for CC processes at the weak vertex, the two form factors viz. fPF (Q
2) and
fVCT (Q
2) are expressed in terms of the isovector nucleon form factor as [53]
fPF (Q
2) = fVCT (Q
2) = 2fV1 (Q
2). (14)
The ππNN vertex has the dominant ρ–meson cloud contribution and following Ref. [53], we have introduced ρ−form
factor (fρ(Q
2)) at ππNN vertex and taken it to be of monopole form:
fρ(Q
2) =
1
1 +Q2/m2ρ
; with mρ = 0.776GeV. (15)
fρ(Q
2) also has been used with axial part of the CT diagram in order to be consistent with the assumption of PCAC.
In the next section, we will discuss the formalism for charged and neutral current neutrino(antineutrino) induced
processes for pion production through resonance excitations.
B. Charged current neutrino(antineutrino) induced processes
Constant term → A(CC ν) A(CC ν¯) A(NC ν(ν¯))
Final states → ppi+ npi+ ppi0 npi− npi0 ppi− npi+ ppi0 ppi− npi0
NP 0 −igA√
2fπ
−igA
fπ
0 igA√
2fπ
−igA
fπ
−igA√
2fπ
−igA
fπ
−igA√
2fπ
igA
fπ
CP −igA
fπ
0 igA√
2fπ
−igA
fπ
−igA√
2fπ
0 −igA√
2fπ
−igA
fπ
−igA√
2fπ
igA
fπ
CT −i√
2fπ
i√
2fπ
i
2fπ
−i√
2fπ
i
fπ
i√
2fπ
- - - -
PP i√
2fπ
−i√
2fπ
−i
2fπ
i√
2fπ
i
fπ
−i√
2fπ
- - - -
PF −i√
2fπ
i√
2fπ
i
2fπ
−i√
2fπ
−i
fπ
−i√
2fπ
- - - -
TABLE I: The values of constant term(Ai) appearing in Eq. 6, where i corresponds to the nucleon pole(NP), cross nucleon
pole(CP), contact term(CT), pion pole(PP) and pion in flight(PF) terms. fπ is pion weak decay constant and gA is axial
nucleon coupling.
Furthermore, we have also studied the contribution of other higher resonances to the single pion production channel
which may also contribute along with the dominant ∆(1232) resonance, formalism for which has been discussed in
the next section.
6N R N ′
pi
N
NN
N
N
W
i
W
i
W
i
W
i
W
i
W
i
R
N N
′
pi
pi
N
′
N
pi
pi
pi
pi
W
i
N
′
N
N
′
pi
pi
N
′
N
′
FIG. 1: Feynman diagrams contributing to the hadronic current corresponding to W iN → N ′pi±,0, where (W i ≡ W± ; i = ±)
for charged current processes and (W i ≡ Z0 ; i = 0) for neutral current processes withN,N ′ = p or n. First row: direct and cross
diagrams for resonance production where intermediate term R stands for different resonances. Second row: nucleon pole(NP
and CNP) terms. The contact term(CT) and pion pole(PP) term (third row left to right) and pion in flight(PF)(fourth row)
contribute to the charged current processes only and do not contribute to the neutral current processes due to their symmetry
properties.
1. Resonant Contribution
Besides the non-resonant background contribution to the pion production there are several resonances which may
contribute along with the dominant ∆(1232) resonance channel. The basic neutrino(antineutrino) induced reactions
for pion production through resonance excitations are the following:
ν
l
(k) +N(p)→ l−(k′) +R(pR)

N ′(p′) + π(kpi) (16)
ν¯
l
(k) +N(p)→ l+(k′) +R(pR)

N ′(p′) + π(kpi) (17)
where R stands for ∆(1232) and/or other higher resonances(R) which contribute to the pion production. In the
next section, we briefly describe our model to include different resonances for the charged current and the neutral
current induced reactions. In the present work, we have included six resonances, properties of which are summarized
in Table-II. It may be noticed from the table that considered resonances are spin 32 and spin
1
2 resonant states with
positive or negative parity. We shall discuss in brief the structure of the current for these two resonant states.
A. Spin 32 resonances
The general structure for the hadronic current for spin three-half resonance excitation is determined by the following
equation [39]
J
3
2
µ = ψ¯
ν(p′)Γ
3
2
νµu(p), (18)
where u(p) is the Dirac spinor for nucleon, ψµ(p) is the Rarita-Schwinger spinor for spin three-half particle and Γ
3
2
νµ
7has the following general structure for the positive and negative parity states :
Γ
3
2
+
νµ =
[
V
3
2
νµ −A
3
2
νµ
]
γ5
Γ
3
2
−
νµ = V
3
2
νµ −A
3
2
νµ, (19)
where V 3
2
(A 3
2
) is the vector(axial-vector) current for spin three-half resonances. The vector and the axial-vector part
of the currents are given by
V
3
2
νµ =
[
C˜V3
M
(gµνq/ − qνγµ) + C˜
V
4
M2
(gµνq · p′ − qνp′µ) +
C˜V5
M2
(gµνq · p− qνpµ) + gµνC˜V6
]
A
3
2
νµ = −
[
C˜A3
M
(gµνq/ − qνγµ) + C˜
A
4
M2
(gµνq · p′ − qνp′µ) + C˜A5 gµν +
C˜A6
M2
qνqµ
]
γ5 (20)
where C˜Vi and C˜
A
i are the vector and axial charged current transition form factors which are functions of Q
2.
From the conserved vector current hypothesis one takes C˜V6 (Q
2) = 0. First, we shall discuss the expression of the
form factors for the ∆(1232) resonance and write C˜Vi = C
V
i and C˜
A
i = C
A
i . Now for the ∆(1232) resonance, the other
three vector form factors CVi , i = 3, 4, 5 are given in terms of the isovector electromagnetic form factors for p → ∆+
transition and the parameterization of which are taken from the Ref. [69],
CV3 (Q
2) =
2.13
(1 +Q2/M2V )
2
× 1
1 + Q
2
4M2V
,
CV4 (Q
2) =
−1.51
(1 +Q2/M2V )
2
× 1
1 + Q
2
4M2
V
,
CV5 (Q
2) =
0.48
(1 +Q2/M2V )
2
× 1
1 + Q
2
0.776M2
V
(21)
with the vector dipole mass taken as MV = 0.84 GeV.
The axial vector form factors CAi (Q
2), (i = 3, 4, 5) are generally determined by using the hypothesis of PCAC with
pion pole dominance through the off diagonal Goldberger-Trieman relation or obtained in quark model calculations [70,
71]. The early analysis of weak pion production experiments at ANL [28] and BNL [29] used Adler’s model [72] as
developed by Schreiner and von Hippel [40] to determine these form factors which are consistent with the hypothesis
of PCAC and generalized Goldberger-Trieman relation. These considerations give CA6 (Q
2) in terms of CA5 (Q
2) and
CA5 (0) in terms of f∆Npi as:
CA6 (Q
2) =CA5 (Q
2)
M2
Q2 +m2pi
(22)
CA5 (0) =fpi
f∆Npi
2
√
3M
, (23)
where f∆Npi is the ∆Nπ coupling strength for ∆→ Nπ decay.
The Q2 dependence of CA3 (Q
2) and CA4 (Q
2) are obtained in Adler’s model as[40, 72]
CA4 (Q
2) = −1
4
CA5 (Q
2); CA3 (Q
2) = 0. (24)
The Q2 dependence of CA5 is parameterized by Schreiner and von Hippel [40] in the Adler’s model [72] and is given
by
CA5 (Q
2) =
CA5 (0)
(
1 + aQ
2
b + Q2
)
(1 +Q2/M2A∆)
2 (25)
with a and b are determined from the experiments and found to be a = −1.21 and b = 2 [28, 73]. MA∆ is the axial
dipole mass.
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FIG. 2: Q2 dependence of different form factors of S11 resonance. In the left panel the form of isovector form factors F
V
1 and
F V2 are shown the form of which are given in Eq. 38. In the middle panel we have shown the axial form factors FA,P where for
FA we took the dipole form and the FP is obtained from Eq. 41. In the right panel we have shown the explicit dependence of
F p,ni , i = 1, 2 which may be obtained from the helicity amplitudes as given in Eq. 39.
The axial vector form factors as discussed in Eqs.22 and 25 along with the vector form factors given in Eq.21, have
been used to analyze the present experimental cross sections for weak pion production. Most of the recent theoretical
calculations [52–54, 69] use a simpler modification to the dipole form viz.
CA5 (Q
2) =
CA5 (0)
(1 +Q2/M2A∆)
2
1
1 +Q2/(3M2A∆)
. (26)
With the non-vanishing axial vector form factors determined in terms of CA5 (Q
2) and the vector form factors deter-
mined from electron scattering experiments, the weak pion production cross section is described in terms of CA5 (Q
2)
with the parameters CA5 (0) and axial mass MA∆. We chose MA∆ = 1.026GeV corresponding to the world average
value obtained from the experimental analysis of quasielastic scattering events [68], and then vary CA5 (0) to obtain
a good description of reanalyzed data [32] of ANL and BNL experiments for νµp → µ−pπ+ reaction. While fitting
the reanalyzed data for the reaction νµp→ µ−pπ+, the contributions to the cross section is predominantly obtained
from ∆(1232) resonant terms and the background terms have a little contribution. This has been further discussed
in Section III.
One may write the most general form of the hadronic current for the s-channel(direct diagram) and u-channel(cross
diagram) processes where a resonant state R
3
2 is produced and decays to a pion in the final state as
jµ
∣∣ 32
R
= i a CR k
α
pi
p2R −M2R + iMRΓR
u¯(~p ′)P
3/2
αβ (pR)Γ
βµ
3
2
(p, q)u(~p ), pR = p+ q,
jµ
∣∣ 32
CR
= i a CR k
β
pi
p2R −M2R + iMRΓR
u¯(~p ′)Γˆµα3
2
(p′,−q)P 3/2αβ (pR)u(~p ), pR = p′ − q,
(27)
where a = cos θc for the charged current process and a = 1 for the neutral current process and CR is the coupling
strength for R → Nπ, R ≡ ∆ or any other resonance R, determined from partial decay widths. MR is the mass of
resonance and ΓR is the resonant decay width. These resonances are generally off-shell and their off-shell effects are
also taken into account. P
3/2
αβ is spin three-half projection operator and is given by
P
3/2
αβ = − (/p′ +MR)
(
gαβ − 2
3
p′αp
′
β
M2R
+
1
3
p′αγβ − p′βγα
MR
− 1
3
γαγβ
)
. (28)
Apart from ∆(1232) resonance, we have also included other higher spin 32 resonances like D13(1520) and P13(1720).
The structure of the matrix element for the hadronic current is given in Eq. 27 and the weak vertex for positive and
negative parity states are given in Eqs. 19. The vector and axial vector pieces are written in analogy with ∆(1232)
resonance which are given in Eq. 20 with corresponding form factors, C˜Vi and C˜
A
i , defined for each resonances.
The isovector C˜Vi , i = 3, 4, 5, 6 form factors for D13(1520) and P13(1720), which have J =
3
2 , I =
1
2 , are written in
terms of the charged and neutral form factors (Cp,ni (Q
2)) through a simple relation [52],
C˜Vi = C
p
i − Cni ; i = 3, 4, 5, 6 . (29)
9The vector form factorsCp,ni (Q
2) are related with the helicity amplitudes for which theQ2 dependence is parameterized
as [74]
Aα(Q2) = Aα(0)(1 + a1Q2 + a2Q4 + a3Q6 + a4Q8) e−b1Q
2
(30)
where Aα(Q2) is the helicity amplitude; A 3
2 (
1
2 )
(Q2) and/or S 1
2
(Q2) and parameters Aα(0) are generally determined
by a fit to the photoproduction data of the corresponding resonance. While the parameters ai (i = 1 − 4) and b1 for
each amplitude are obtained from electroproduction data available at different Q2.
The relations between the vector form factors Cp,ni (Q
2) and helicity amplitudes are given as [75]:
Ap,n3
2
=
√
πα
M
(MR ∓M)2 +Q2
M2R −M2
[
Cp,n3
M
(M ±MR)± C
p,n
4
M2
M2R −M2 −Q2
2
± C
p,n
5
M2
M2R −M2 +Q2
2
]
Ap,n1
2
=
√
πα
3M
(MR ∓M)2 +Q2
M2R −M2
[
Cp,n3
M
M2 +MMR +Q
2
MR
− C
p,n
4
M2
M2R −M2 −Q2
2
− C
p,n
5
M2
M2R −M2 +Q2
2
]
Sp,n1
2
= ±
√
πα
6M
(MR ∓M)2 +Q2
M2R −M2
√
Q4 + 2Q2(M2R +M
2) + (M2R −M2)2
M2R
×
[
Cp,n3
M
MR +
Cp,n4
M2
M2R +
Cp,n5
M2
M2R +M
2 +Q2
2
]
, (31)
where A 3
2 ,
1
2
(Q2) and S 1
2
(Q2) are the amplitudes corresponding to the transverse and longitudinal polarizations,
respectively and are parameterized at different Q2 using Eq. 30. Once the parameters ai and b1 are fixed (Tables IV,
V, VI) for A 3
2 ,
1
2
(Q2) and S 1
2
(Q2) amplitudes, one gets the form factors Cp,ni (Q
2).
The form factors C˜Ai (Q
2), (i = 3, 4, 5, 6) corresponding to the axial current have not been studied in the case of
higher resonances. The earlier calculations have used PCAC to determine C˜A5 (Q
2) and C˜A6 (Q
2) and taken other form
factors to be zero. In view of this, we have also taken a simple model for the determination of the axial form factors
based on PCAC and Goldberger-Trieman relation and use the relation between C˜A5 (Q
2) and C˜A6 (Q
2) given in Eq. 22
to write C˜A6 (Q
2) in terms of C˜A5 (Q
2).
For C˜A5 (Q
2) a dipole form has been assumed
C˜A5 (Q
2) =
C˜A5 (0)(
1 +Q2/MRA
2
)2 (32)
with C˜A5 (0) = −2fpi fRNπmπ , fRNpi is the coupling for R → Nπ decay for each resonance R. MRA is taken as 1.026GeV.
The value of C˜A5 (0) for each resonance has been given in Table-2. C˜
A
3 (Q
2) as well as C˜A4 (Q
2) are taken as zero.
In the next section, we briefly discuss the inputs of hadronic current for spin 12 resonance.
B. Spin 12 resonances
The hadronic current for the spin 12 resonant state is given by
jµ1
2
= u¯(p′)Γµ1
2
u(p), (33)
where u(p) and u¯(p′) are respectively the Dirac spinor and adjoint Dirac spinor for spin 12 particle and Γ
µ
1
2
is the
vertex function which for a positive parity state is given by
Γµ1
2
+ = V
µ
1
2
−Aµ1
2
(34)
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and for a negative parity is given by
Γµ1
2
−
=
[
V µ1
2
−Aµ1
2
]
γ5 (35)
where V µ1
2
represents the vector current and Aµ1
2
represents the axial vector current.
These currents are parameterized in terms of vector(Fi(Q
2)(i = 1, 2)) and axial vector(FA(Q
2) and FP (Q
2)) form
factors and are written as,
V µ1
2
=
[
F1(Q
2)
(2M)2
(
Q2γµ + q/qµ
)
+
F2(Q
2)
2M
iσµαqα
]
γ5 (36)
Aµ1
2
= −FA(Q2)γµ − FP (Q
2)
M
qµ, (37)
where Fi(Q
2) (i = 1, 2) are the isovector form factors which in turn are expressed in terms of Dirac and Pauli form
factors for spin 12 resonances for charged (F
p
1,2) and neutral (F
n
1,2) states:
Fi(Q
2) = F pi (Q
2)− Fni (Q2), i = 1, 2 (38)
The form factors F p,ni (Q
2) are derived from helicity amplitudes extracted from real and/or virtual photon scattering
experiments.
The explicit relations between the form factors F p,ni (Q
2) and the helicity amplitudes Ap,n1
2
(Q2) and Sp,n1
2
(Q2) are
given by[63]
Ap,n1
2
=
√
2πα
M
(MR ∓M)2 +Q2
M2R −M2
[
Q2
4M2
F p,n1 +
MR ±M
2M
F p,n2
]
Sp,n1
2
= ∓
√
πα
M
(M ±MR)2 +Q2
M2R −M2
(MR ∓M)2 +Q2
4MRM
[
MR ±M
2M
F p,n1 − F p,n2
]
, (39)
where the upper sign represent the positive parity state and the lower sign denotes the negative parity state. MR is
the mass of corresponding resonance and F p,n1,2 (Q
2) are electromagnetic transition form factors. The Q2 dependence
of the helicity amplitudes is given by Eq. 30.
The axial current consists of two from factors viz. FA(Q
2) and FP (Q
2). The form factor FA(Q
2) and FP (Q
2) are
determined assuming the the hypothesis of PCAC and pion pole dominance through the off diagonal Goldberger-
Trieman relation for N → R transition, which gives
FA(0) = −2fpi
fR 12
mpi
, (40)
where fR 12 is the coupling strength for R
1
2
→ Nπ decay and FA(0) is the axial charge.
While the pseudoscalar form factor FP (Q
2) is related to the axial form factor FA(Q
2) via PCAC and is given by
FP (Q
2) =
(MMR ±M2)
m2pi +Q
2
FA(Q
2) (41)
where +(−) sign is for positive(negative) parity resonances. The Q2 dependence of the form factors thus obtained
are shown in Figs. 2 and 3, respectively for S11(1650) and P11(1440) resonant states.
In analogy with Eq. 27, the most general form of the hadronic currents for the s-channel(direct diagram) and
u-channel(cross diagram) processes where a resonant state R
1
2 is produced and decays to a pion in the final state, are
written as
jµ
∣∣ 12
R
= i a CRu¯(~p ′)/kpiγ5 /p+ q/+M
(p+ q)2 −M2 + iǫΓ
µ
1
2
u(~p ),
jµ
∣∣ 12
CR
= i a CRu¯(~p ′)Γµ1
2
/p′ − q/+M
(p′ − q)2 −M2 + iǫ/kpiγ5u(~p ), (42)
where a = cos θc for the charged current process and a = 1 for the neutral current process. CR is a constant which
includes the coupling strength, isopin factor involve in R → Nπ transition, etc. This has been tabulated in Table-III.
In the next section, we are going to present the method adopted to determine R→ Nπ coupling strength.
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FIG. 3: Q2 dependence of different form factors of P11(1440) resonance. The lines have same meaning as of Fig. 2.
2. Couplings of the resonances
Due to the lack of experimental data their is large uncertainty associated with RNπ coupling at the R → Nπ
vertex. We have fixed RNπ coupling using the data of branching ratio and decay width of these resonances from
PDG [76] and use the expression for the decay rate which is obtained by writing the most general form of RNπ
Lagrangian,
LR 1
2
Npi =
fR 12
mpi
Ψ¯R 1
2
Γµ1
2
∂µφ
iTiΨ (43)
LR 3
2
Npi =
fR 32
mpi
Ψ¯R 3
2
Γµ3
2
∂µφiTi Ψ (44)
where fR 12 ,R
3
2
is the RNπ coupling strength. Ψ is the nucleon field and ΨR 1
2
and ΨR 3
2
are the fields associated with
the resonances of spin 12 and spin
3
2 , respectively. φ
i are the pionic field and Ti are the isospin operator which is T = τ
for isospin 12 states and T = T
† for isospin 32 states
1. The interaction vertex Γµ1
2
is γµγ5(γµ) for resonances(spin 12 )
with positive(negative) parity. Similarly, the interaction vertex Γµ3
2
(spin 32 ) is I4 for positive parity state and γ5 for
negative parity state. Using the above Lagrangian one may obtain the expression for the decay width in the resonance
rest frame as
ΓR 1
2
→piN =
C
4π
(
fR 12
mpi
)2
(MR ±M)2 EN ∓M
MR
|~qcm| (45)
ΓR 3
2
→piN =
C
12π
(
fR 32
mpi
)2
EN ±M
MR
|~qcm|3, (46)
where the upper(lower) sign represents the positive(negative) parity resonant state. The parameter C is obtained
from the isospin analysis and found out to be 3 for isospin 12 state and 1 for isospin
3
2 states. |~qcm| is the outgoing
pion momentum measured from resonance rest frame and is given by,
|~qcm| =
√
(W 2 −m2pi −M2)2 − 4m2piM2
2MR
(47)
and EN , the nucleon energy is
EN =
W 2 +M2 −m2pi
2MR
, (48)
whereW is the total center of mass energy carried by the resonance. In view of the above, we fix N∆π coupling(fpiN∆)
1 ~τ and T † are the isospin operator for doublet and quartet, respectively.
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FIG. 4: Q2 dependence of different form factors of D13 resonance. From left to right panel: C˜
V
3 , C˜
V
4 and C˜
V
5 mentioned in
Eq. 21, and C˜A5 mentioned in Eq.32, and C
n,p
i , i = 3, 4, 5 mentioned in Eq. 29.
Resonances MR [GeV] J I P Γ
tot
0 piN branching FA(0) f
⋆
(GeV) ratio (%) or C˜A5 (0)
P33(1232) 1.232 3/2 3/2 + 0.120 100 1.0 2.14
P11(1440) 1.462 1/2 1/2 + 0.250 65 −0.43 0.215
D13(1520) 1.524 3/2 1/2 − 0.110 60 −2.08 1.575
S11(1535) 1.534 1/2 1/2 − 0.151 51 0.184 0.092
S11(1650) 1.659 1/2 1/2 − 0.173 89 −0.21 −0.105
P13(1720) 1.717 3/2 1/2 + 0.200 11 −0.195 0.147
TABLE II: Properties of the resonances included in the present model, with Breit-Wigner mass MR, spin J, isospin I, parity
P, the total decay width Γtot0 , the branching ratio into pi N, the axial coupling (FA(0) for spin
1
2
states; CA5 (0) for states with
spin 3
2
) and f⋆ stands for fR 1
2
or fR 3
2
given in Eqs.43 and 44 and for ∆(1232) resonance f⋆ = f∆Nπ .
by comparing ∆→ Nπ decay width evaluated in the rest frame of ∆,
Γ∆(s) =
1
6π
(
fpiN∆
mpi
)2
M√
s
[
λ
1
2 (s,m2pi,M
2)
2
√
s
]3
Θ(
√
s−M −mpi), s = p2∆ (49)
where λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz is Ka¨llen function. To get the offshell effect of ∆(1232) resonance
we have taken momentum dependent width. Using the above expressions for decay width the coupling for R → Nπ
are obtained and given in Table-II.
C. Neutral current neutrino(antineutrino) induced processes
In this section, we will briefly discuss the single pion production induced by neutral currents(NC1π). Older data
on NC1π production are available from ANL [65] and Gargamelle [77] experiments. Recently, NC1π production
measurements have been performed by the MiniBooNE [78], K2K [79], SciBooNE [80] collaborations. The neutral
current π0 production in neutrino interactions plays an important role in the background studies of νµ ↔ νe or ν¯µ ↔ ν¯e
oscillations in the appearance mode as well as in discriminating between νµ → ντ and νµ → νs modes. Furthermore,
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FIG. 5: Q2 dependence of different form factors of P13 resonance. From left to right panel: C˜
V
3 , C˜
V
4 and C˜
V
5 as mentioned in
Eq. 21, C˜A5 as mentioned in Eq.32 and C
n,p
i , i = 3, 4, 5 mentioned in Eq. 29.
TABLE III: Coupling constant(CR) for spin 1
2
and spin 3
2
resonances. Here f⋆ stands for R → Npi coupling which is for
∆(1232) resonance is f∆Nπ and fR 1
2
(fR 3
2
) for spin 1
2
( 3
2
) resonances given in Eqs.43 and 44.
Process CR(CC ν) CR(CC ν¯)
ppi+ npi+ ppi0 npi− npi0 ppi−
P33(1232)
√
3f⋆
mπ
√
1
3
f⋆
mπ
-
√
2
3
f⋆
mπ
√
3f⋆
mπ
√
2
3
f⋆
mπ
√
1
3
f⋆
mπ
P11(1440) 0 -
√
1
2
f⋆
fπ
- 1
2
f⋆
fπ
0 - 1
2
f⋆
fπ
√
1
2
f⋆
fπ
D13(1520) 0 -
√
1
2
f⋆
mπ
- 1
2
f⋆
mπ
0 - 1
2
f⋆
mπ
√
1
2
f⋆
mπ
S11(1535) 0 -
√
1
2
f⋆
fπ
- 1
2
f⋆
fπ
0 - 1
2
f⋆
fπ
√
1
2
f⋆
fπ
S11(1650) 0 -
√
1
2
f⋆
fπ
- 1
2
f⋆
fπ
0 - 1
2
f⋆
fπ
√
1
2
f⋆
fπ
P13(1720) 0 -
√
1
2
f⋆
mπ
- 1
2
f⋆
mπ
0 - 1
2
f⋆
mπ
√
1
2
f⋆
mπ
in the reconstruction of neutrino energy using quasielastic events like νe + n→ e− + p or ν¯e + p→ e+ + n, a missing
electron or positron in the π0 decay may be mistaken as quasielastic event. Moreover, neutral current induced pion
production may also help to distinguish between the production of ντ and ν¯τ in some oscillation scenarios at neutrino
energies much below the τ production threshold but above the pion threshold.
We have already discussed the contribution from non-resonant background terms for neutral current induced pro-
cesses in section IIA. Next we will present in brief the structure of resonant terms that may contribute to the hadronic
current of (anti)neutrino induced neutral current processes.
1. Resonant contribution
The other higher resonances like P11(1440), D13(1520), S11(1535), S11(1650) and P13(1720), also contribute along
with the dominant ∆(1232) resonance channel. The basic neutral current neutrino(antineutrino) induced reactions
for pion production through resonance excitations are the following:
ν
l
(k) +N(p)→ νl(k′) +R(pR)

N ′(p′) + π(kpi) (50)
ν¯
l
(k) +N(p)→ ν¯l(k′) +R(pR)

N ′(p′) + π(kpi) (51)
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TABLE IV: MAID2008 parameterization of the transition form factors for proton target. A¯α(0) is given in units of 10
−3GeV−
1
2
and the coefficients a1, a2, a4, b1 in units of GeV
−2, GeV−4, GeV−8, GeV−2, respectively. For all fits a3 = 0.
N∗, ∆∗ Amplitude A¯α(0) a1 a2 a4 b1
P11(1440) A 1
2
−61.4 0.871 −3.516 −0.158 1.36
S 1
2
4.2 40.0 0 1.50 1.75
D13(1520) A 1
2
−27.4 8.580 −0.252 0.357 1.20
A 3
2
160.6 −0.820 0.541 −0.016 1.06
S 1
2
−63.5 4.19 0 0 3.40
P13(1720) A 1
2
73.0 1.89 0 0 1.55
A 3
2
−11.5 10.83 −0.66 0 0.43
S 1
2
−53.0 2.46 0 0 1.55
TABLE V: Maid2007 parameterization, Eq. (30), for proton target (a2,3,4 = 0).
N∗, ∆∗ Amplitude A¯α(0) a1 b1
S11(1535) A 1
2
66.4 1.608 0.70
S 1
2
−2.0 23.9 0.81
S11(1650) A 1
2
33.3 1.45 0.62
S 1
2
−3.5 2.88 0.76
where R stands for the ∆(1232) and other higher resonances(R) which contribute to the pion production.
In the next section, we will briefly discuss formalism to include different resonances for the charged current and
the neutral current processes.
A. Spin 32 resonances
The general structure for the hadronic current J
3
2
µ for neutral current induced spin
3
2 resonance in the intermediate
state is given by Eq. 18, for which Γ
3
2
νµ is given by Eq. 19 for positive and negative parity states.
The vector and axial vector parts of the current(for ∆(1232), I = 32 ) are given by Eq. 20 with the corresponding
TABLE VI: Maid2007 parameterization for neutron target(a2,3,4 = 0).
N∗ Amplitude A¯α(0) a1 b1
P11(1440) A 1
2
54.1 0.95 1.77
S 1
2
−41.5 2.98 1.55
D13(1520) A 1
2
−76.5 −0.53 1.55
A 3
2
−154.0 0.58 1.75
S 1
2
13.6 15.7 1.57
S11(1535) A 1
2
−50.7 4.75 1.69
S 1
2
28.5 0.36 1.55
S11(1650) A 1
2
9.3 0.13 1.55
S 1
2
10. −0.5 1.55
P13(1720) A 1
2
−2.9 12.7 1.55
A 3
2
−31.0 5.00 1.55
S 1
2
0 0 0
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neutral current form factors (C˜Vi )
NC (i = 3, 4, 5) and (C˜Ai )
NC (i = 4, 5, 6) which in the standard model are given in
terms of C˜Vi and C˜
A
i . The expressions given in Eq.20 now read as
(C˜Vi )
NC → (1 − 2 sin2 θW )C˜Vi , (52)
(C˜Ai )
NC → −C˜Ai . (53)
Similarly for the case of D13(1520) and P13(1720), the neutral current form factors C˜
V
i and C˜
A
i are given by:
(C˜Vi )
NC for p−→ (1− 2 sin2 θW )Cpi −
1
2
Cni i = 3, 4, 5 (54)
(C˜Vi )
NC for n−→ (1− 2 sin2 θW )Cni −
1
2
Cpi i = 3, 4, 5 (55)
(C˜Ai )
NC → ±1
2
C˜Ai i = 5 (56)
where plus(minus) sign stands for proton(neutron) targets.
B. Spin 12 resonances
For the neutral current process producing a spin 12 resonance in the intermediate state, the hadronic current is given
by Eq. 33. Γµ1
2
is the vertex function which for positive parity states is given by Eq. 34 and for negative parity states
is given by Eq. 35. The vector and axial vector parts of the current are written in terms of vector and axial vector
form factors and have the same form as given in Eqs. 36 and 37, but with a modified form factor corresponding to
isospin 12 resonance and a different expression for charged (F˜
p
i ) and neutral (F˜
n
i ) resonant states with the replacement
of F p,n1,2 by F˜
p,n
1,2 .
The explicit expressions for which are written as
F˜ pi = (
1
2
− 2sin2θW )F pi −
1
2
Fni
F˜ pA =
1
2
FA (57)
for the positive charged state and
F˜ni = (
1
2
− 2sin2θW )Fni −
1
2
F pi
F˜nA = −
1
2
FA (58)
for the negative charged state. Fi’s(i=1,2,A,P) are defined in section-II B 1.
III. RESULTS AND DISCUSSION
In this section, we present the results of the numerical calculations and discuss the findings. The results are presented
for the total scattering cross section by integrating over the kinematical variables in Eq.3, where the matrix element
is given by Eq.4. In the expression of the matrix element, the leptonic current is given by Eq.5 and the hadronic
current jµ (H) is written as the sum of the contributions from the resonant terms including ∆(1232) resonance and
non-resonant background(NRB) terms i.e.
jµ (H) = jµ∆ + j
µ
NRB + j
µ
R, (59)
where
jµ∆ = j
µ
s,∆ + j
µ
u,∆
jµR = j
µ
s,R + j
µ
u,R (60)
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FIG. 6: Total scattering cross section for νµp → µ
−ppi+ process. Experimental results are reanalyzed data points of ANL
and BNL experiments by Wilkinson et al. [32]. No invariant mass cut has been applied. Dashed-dotted line is the result of
the scattering cross section obtained by considering only the contribution from ∆(1232) resonance. When we also include
non-resonant background terms in our calculations, the results are presented with solid line. The final results when deuteron
effect is also taken into account has been shown by the long dashed line
and jµ,CCNRB for the charged current induced processes is
jµ,CCNRB = j
µ
∣∣
NP
+ jµ
∣∣
CP
+ jµ
∣∣
CT
+ jµ
∣∣
PP
+ jµ
∣∣
PF
, (61)
and for the neutral current induced processes is
jµ,NCNRB = j
µ
∣∣
NP
+ jµ
∣∣
CP
(62)
In Eq. 59, jµR represents the contributions of all the higher resonances(other than ∆(1232)) for the direct(s-channel)
and cross(u-channel) terms wherever applicable:
jµR = j
µ
P11(1440)
+ jµS11(1535) + j
µ
S11(1650)
+ jµD13(1520) + j
µ
P13(1720)
.
By ∆(1232) dominance we mean the contribution of s-channel as well as u-channel resonant terms (i.e. = jµs,∆+j
µ
u,∆).
jµ,CCNRB represents the hadronic current for charged current processes where the contributing terms are nucleon pole(NP),
cross nucleon pole(CP), contact term(CT), pion pole(PP) and pion in flight(PF) terms. jµR denotes the hadronic
current for the other higher resonances, for which we have taken the contribution from s- as well as u- channels.
We must point out that in all the curves shown in the various figures, the places where we say ∆(1232) dominance
means that the hadronic tensor Hµν is obtained by evaluating jµs,∆
†
jνs,∆ + j
µ
s,∆
†
jνu,∆ + j
µ
u,∆
†
jνs,∆ + j
µ
u,∆
†
jνu,∆. When
we say that the contributions from the background terms are also included, it is meant that the hadronic tensor has
now the contribution from the square of jµ,CCNRB given in Eq. 61 and the terms arising due to the interference of j
µ
∆ and
jµ,CCNRB as given in Eqs. 60 and 61, respectively. Finally, the results of full calculations would imply square of j
µ (H)
given in Eq.59 to get the final expression for the hadronic tensor.
Furthermore, this is to be pointed out that the non-resonant background terms have been obtained using SU(2)
non-linear sigma Lagrangian for pions and nucleons interaction. Due to the limitations of this model at higher
energies [53], we have put a constraint on the center of mass energy(W) as Wmin = M +mpi and Wmax = 1.2 GeV
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FIG. 7: Total scattering cross section for the charged current neutrino induced pion production processes: νµp→ µ
−ppi+(Left
panel), νµn → µ
−ppi0(Central panel), νµn → µ−npi+(Right panel). The dashed line is the result calculated in the ∆(1232)
dominance model, dashed-dotted line is the result obtained when we include non-resonant background terms in our calculations.
The solid line is the result of our full calculation when other resonances like P11(1440), D13(1520), S11(1535), S11(1650) and
P13(1720) are also included. All the above three cases are with deuteron effect. The dotted line is the result of the full
calculation without deuteron effect. The results in the top panels are obtained when we have not included any cut on invariant
mass. The middle panel shows the results with a cut on center of mass energy of 1.4 GeV(W < 1.4GeV ), while in the bottom
panel a cut of W < 1.6GeV is introduced while calculating total scattering cross section. Data points quoted as ANL extracted
and BNL extracted are the reanalyzed data by Wilkinson et al. [32]. Other data points in figures are the results from ANL [28]
and BNL [29] experiments.
while evaluating the non-resonant background terms. We have varied CA5 (0) and axial mass MA in C
A
5 (Q
2) to get
the best description for the reanalyzed data [32] of ANL and BNL experiments in the case of νµp→ µ−pπ+ process.
This constraint on W(i.e. M + mpi ≤ W ≤ 1.2GeV ) has been put in all numerical evaluations while considering
non-resonant background contribution.
Since earlier experiments to measure charged current neutrino induced single pion production were mainly performed
using hydrogen/deuteron target like the experiments at ANL [28] and BNL [29], therefore, deuteron correction factor
must be taken into account. In a recent analysis by Wilkinson et al. [32] experimental results of ANL [28] and BNL [29]
have been normalized to deuteron data. Therefore, we have taken deuteron effect by following the prescription of
Hernandez et al. [81] and write(
dσ
dQ2dW
)
νd
=
∫
dpdp|Ψd(pdp)|2
M
Edp
(
dσ
dQ2dW
)
off shell
, (63)
where the four momentum of the proton inside the deuteron is described by pµ = (Edp ,p
d
p) with E
d
p (= MDeuteron −
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√
M2 + |pdp|2) as the energy of the off shell proton inside the deuteron and MDeuteron is the deuteron mass.(
dσ
dQ2dW
)
off shell
is obtained by using Eq.3. In the above expression |Ψd|2 = |Ψd0|2 + |Ψd2|2, where Ψ0 and Ψ2
are the deuteron wave functions for the S-state and D-state, respectively and have been taken from the works of
Lacombe et al. [82].
In Fig. 6, we have shown the results for the total scattering cross section for the charged current neutrino induced
1π+ production process on proton target i.e. for the reaction νµp→ µ−pπ+. In these calculations no invariant mass
cut has been applied. The results are presented for the total scattering cross section in ∆(1232) - dominance model,
then we include the contributions from the non-resonant background(NRB) terms. It may be pointed out that in the
case of 1π+ production process on proton target there is no contribution from the higher resonances considered here
other than ∆(1232) resonance. The final results are with deuteron effect which has been obtained by using Eq. 63.
It may be observed that the inclusion of deuteron effect results into an overall reduction of ∼ 4 − 6% in the total
scattering cross section. The present results are compared with the reanalyzed experimental analysis of ANL [28] and
BNL [29] data by Wilkinson et al. [32]. We found the best fit of the total scattering cross section σ(νµp → µ−pπ+)
when CA5 (0) = 1.0 and MA = 1.026 GeV are used in the expression.
We have also calculated total scattering cross section for the charged current neutrino induced pion production
processes and the results are presented in Fig. 7. The experimental points for π+p channel is the reanalyzed data by
Wilkinson et al. [32] of the ANL [28] and BNL [29] experiments. While for the other channels like π0p and π+n the
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data are of ANL [28] and BNL [29] experiments. In the case of νµp→ µ−pπ+ induced reaction, the main contribution
to the total scattering cross section comes from the ∆(1232) resonance and there is no contribution from the higher
resonances which are considered here. We find that due to the presence of the non-resonant background terms there
is an increase in the cross section which is about 12% at Eνµ=1GeV which becomes ∼ 8% at Eνµ=2GeV.
For νµn → µ−nπ+ as well as νµn → µ−pπ0 processes, there are contributions from the non-resonant background
terms as well as other higher resonant terms besides the ∆(1232) - dominance. The net contribution to the total pion
production due to the presence of the non-resonant background terms in νµn→ µ−nπ+ reaction results in an increase
in the cross section of about 12% at Eνµ=1GeV which becomes 6% at Eνµ=2GeV. When other higher resonances are
also taken into account there is a further increase in the cross section by about 40% at Eνµ=1GeV which becomes
55% at Eνµ=2GeV. While in the case of νµn→ µ−pπ0 due to the presence of the background terms the total increase
is about 26% at Eνµ=1GeV and 18% at Eνµ=2GeV. Due to the presence of other higher resonances there is a further
increase of about 35% at Eνµ=1GeV and 40% at Eνµ=2GeV. Thus, we find that the inclusion of higher resonant terms
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lead to a significant increase in the cross section for νµn→ µ−nπ+ and νµn→ µ−pπ0 processes. Furthermore, it may
also be concluded from the above observations that contribution from non-resonant background terms decreases with
the increase in neutrino energy, while the total scattering cross section increases when we also include other higher
resonances in our calculations.
When a cut ofW ≤ 1.4GeV orW ≤ 1.6GeV on the center of mass energy is applied then due to the presence of the
non-resonant background terms, the increase in the total scattering cross section at Eνµ=1GeV for νµp → µ−pπ+ is
about 10% . For νµn→ µ−nπ+ reaction this increase in the cross section is about 14% at Eνµ=1GeV which becomes
5% at Eνµ=2GeV. When other higher resonances are also taken into account there is a further increase in the cross
section which is about 40% at Eνµ=1GeV. However, some energy dependence is observed and at Eνµ=2GeV this
increase is ∼ 55% for W ≤ 1.4GeV and ∼ 65% for W ≤ 1.6GeV . While in the case of νµn → µ−pπ0 due to the
presence of the non-resonant background terms the total increase in cross section is about 27% at Eνµ=1GeV for
W ≤ 1.4GeV or W ≤ 1.6GeV . Due to the presence of other resonances there is a further increase of about 10% at
Eνµ=1GeV.
In Fig. 8, we have shown the results for the charged current antineutrino induced pion production processes. These
results are presented in the ∆(1232) dominance model, including non-resonant background terms as well as with
our full prescription given in Eq. 63. Here also in the case of ν¯µn → µ+nπ− reaction there is no contribution from
the higher resonances other than ∆(1232) resonance. The inclusion of non-resonant background terms increases the
cross section by around 24% at Eνµ=1GeV which becomes around 12% at Eνµ=2GeV. For ν¯µp → µ+nπ0 reaction,
inclusion of non-resonant background terms increases cross section by around 42% at Eνµ=1GeV which becomes 20%
at Eνµ=2GeV. When other higher resonances are included, the cross section further increases by ∼ 45% at Eνµ=1GeV
which becomes 40% at Eνµ=2GeV. In the case of ν¯µp→ µ+pπ− reaction, when we perform calculations by including
non-resonant background terms then cross section gets enhanced by around 16% at Eνµ=1GeV which becomes 4%
at Eνµ=2GeV. When other higher resonances are also included along with non-resonant background terms then cross
section further increases by around 18% at Eνµ=1GeV and ∼ 20% at Eνµ=2GeV.
We have compared the present results with the experimental data of Gargamelle experiment performed at CERN PS
where propane was used as the nuclear target. Since propane is a composite target therefore the cross sections would
get modulated due to nuclear medium effects. Thus, the theoretical results presented in Fig. 8 should be corrected
for the nuclear medium effects before making any comparison with the experimental data. We would like to point
out that, in our earlier works [49, 50, 66] of charged and neutral current pion production in the ∆(1232) dominance
model, we have observed that nuclear medium effect reduces the cross section significantly when the calculations are
performed for nuclear targets and this helps in explaining the experimental data.
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induced processes have been shown.
In Fig. 9 (Fig. 10), we have plotted the total scattering cross section for neutral current neutrino(antineutrino)
induced pion production processes on proton and neutron targets. The experimental points are the data from ANL
experiment [65]. Here also it may be observed that besides ∆(1232) resonant term, there is significant contribution
from non-resonant background terms which results in an increase in the total scattering cross section in all the
channels. Specifically, the increase in the cross section at Eν = 1GeV due to non-resonant background terms in
neutrino induced processes is ∼45% for νp → νnπ+, ∼15% for νp → νpπ0, ∼82% for νn → νpπ− and ∼48% for
22
νn→ νnπ0. Similarly, in the case of antineutrino induced processes the enhancement in the cross section due to the
presence of non-resonant background terms is ∼4% for ν¯p → ν¯pπ0, ∼49% for ν¯p → ν¯nπ+, ∼18% for ν¯n → ν¯nπ0
and ∼30% for ν¯n → ν¯pπ−. We also observe that when higher resonant terms are included, there is no appreciable
change in the cross sections which is in contrast to the observations made in the charged current induced reactions.
For example, at Eν,ν¯ = 1GeV this increase is almost negligible for all the antineutrino induced processes on proton
and neutron targets as well as neutrino induced processes on neutron target. There is ∼ 15% enhancement in the
cross sections in νp→ νπ+n and νp→ νπ−p processes when higher resonant terms are included.
To explicitly show the contribution of individual resonances to the total scattering cross section, in Fig. 11, we have
presented the results for νµn→ µ−nπ+ and ν¯µp→ µ+pπ− processes. It may be observed that the dominant contribu-
tion comes from ∆(1232) resonance followed by P11(1440) and D13(1520) resonances. However, the contribution for
neutrino and antineutrino induced processes are not alike, for example, larger ∆(1232) dominance may be observed
in the neutrino case than in the case of antineutrino induced processes. For the case of neutrino induced charged
current processes, at Eν = 1GeV , the contribution to the total scattering cross section from P11(1440)(D13(1520))
resonance is around 10%(12%) as that of the contribution from ∆(1232) resonance. However, at Eν = 2GeV contri-
bution of P11(1440)(D13(1520)) resonance is around 14%(16%). For antineutrino induced charged current processes,
at Eν = 1GeV , the contribution to the total scattering cross section from P11(1440)(D13(1520)) resonance is around
8%(2%) which becomes around 18%(6%) at Eν = 2GeV as that of the contribution from ∆(1232) resonance.
Similar study has also been made for the (anti)neutrino induced neutral current processes. To explicitly show the
contributions of different resonant terms, in Fig. 12, we have presented the results for νp → νpπ0 and ν¯p → ν¯pπ0
reactions. In this case it may be observed that the dominant contribution is still from ∆(1232) resonance followed
by P11(1440) and D13(1520) resonances. However, a larger ∆(1232) dominance is observed for antineutrino induced
processes as compared to neutrino induced reaction, which is in contrast to the observation in the case of charged
current induced processes. For example, for the case of neutrino induced neutral current processes, the contribution to
the total scattering cross section from P11(1440) resonance is 3% as that of the contribution from ∆(1232) resonance
in the energy range Eν = 1 − 2GeV . However, the contribution from D13(1520) resonance in the energy range
Eν = 1−2GeV is around 2%. For antineutrino induced charged current processes, in the energy range Eν = 1−2GeV ,
the contribution to the total scattering cross section from P11(1440)(D13(1520)) resonance is almost negligible to that
of the contribution from ∆(1232) resonance.
In Fig. 13, we have shown the lepton mass effect for the νe(νµ) and ν¯e(ν¯µ) induced processes by considering the
reactions νlp → l−pπ+ and ν¯ln → l+nπ−. In the inset of these figures we have also shown the fractional change in
the cross sections ∆I =
σνe(ν¯e)−σνµ(ν¯µ)
σνe(ν¯e)
for neutrino(left panel) and antineutrino(right panel) induced processes. These
results are shown up to Eν(ν¯) ≤ 1GeV . As may be observed from these curves that there is significant effect of lepton
mass(electron vs muon) on the total scattering cross section. This study may be helpful in the analysis of data of the
experiments planned in the ∼ 1GeV energy region looking for the signals of CP violation in the leptonic sector.
IV. CONCLUSIONS
In this work, we have presented a study of weak charged and neutral current induced single pion production from
nucleons. The results have been presented for the total scattering cross sections by including the contributions of
P33(1232), P11(1440), S11(1535), D13(1520), S11(1650) and P13(1720) resonances and the non-resonant background
terms. Resonant terms are obtained using phenomenological Lagrangian while non-resonant background terms have
been obtained using a SU(2) non-linear sigma model for pion-nucleon interaction Lagrangian.
We find that:
1. The pions are produced predominantly through P33(1232) resonance formation in νµp→ µ−pπ+ channel. The
best description of the reanalyzed experimental data of ANL and BNL experiments by Wilkinson et al. [32] for
this channel is obtained when we take CA5 (0)=1.0 and MA=1.026GeV for N−∆ axial vector transition current
form factor CA5 (Q
2).
2. The enhancement in the cross section due to the presence of non-resonant background terms at Eν =1(2) GeV
is around 12(8)% for νµp → µ−pπ+ process, and 24(12)% for ν¯µn → µ+nπ− process. It may be noted that
the energy dependence of non-resonant contributions in neutrino vs antineutrino induced processes is different.
Higher resonances considered in this work do not contribute to these channels.
3. For νµn → µ−pπ0 process, we find the enhancement in cross section to be around 26% at Eν =1GeV when
non-resonant background terms are included. There is a further increase of ∼9% in the cross section when
higher resonances are taken into account. The non-resonant contributions in the case of νµn→ µ−nπ+ process
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is around 14% which becomes 42% when higher resonances are also included. The ratio of the cross sections for
νµn→ µ−pπ0 to νµn→ µ−nπ+ processes is found to be ∼1.7 when evaluated in the ∆(1232) dominance model,
which becomes ∼2 if non-resonant background terms are included, and 1.5 when other higher resonances are
also taken into account.
4. In the case of ν¯µp → µ+nπ0 process the enhancement in the cross section due to the presence of non-resonant
background terms is ∼42% at Eν =1 GeV, which in the case of ν¯µp→ µ+pπ− process is ∼16%. The contribution
of higher resonance terms is quite small(∼3%) in both the channels. The ratio of the cross sections for the
processes ν¯µp → µ+nπ0 and ν¯µp → µ+pπ− is found to be ∼0.6 when evaluated in the ∆(1232) dominance
model which becomes ∼0.8 if non-resonant background terms are also included.
5. Qualitatively, the results for the neutral current induced pion production processes are similar to the charged
ones, however, quantitatively there are differences in the relative contribution of various terms.
(i) The contribution of non-resonant terms leads to an increase in cross section for all the channels involving
proton as well as neutron targets. The maximum contribution due to non-resonant terms is for νn → νpπ−
process and the minimum contribution is for ν¯p→ ν¯pπ0.
(ii) When higher resonant terms are included, there is no appreciable change in the cross sections which is in
contrast to the observations made in the charged current induced reactions. At Eν,ν¯ = 1GeV this increase is
almost negligible for all the antineutrino induced processes on proton and neutron targets as well as neutrino
induced processes on neutron target. In the case of other neutrino induced processes like νp → νπ+n and
νp→ νπ−p this increase in cross section due to the inclusion of higher resonant terms is about 15%.
These results may be used as a benchmark calculations for weak charged and neutral current induced one pion
production processes from nucleons. The present model can be applied to study the pion production from nuclear
targets. This work is presently going on and will be reported elsewhere.
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